Due to the large differences in physical properties compared to bulk solutions, 1,2 studies on chemistry at the liquid-liquid (L-L) interface are of growing interest. Unique reactions of molecules (adsorbed) at the L-L interface have been reported in various systems, including photoinduced electron transfer reactions, 3 organic synthesis, 4 electron transfer, 5 ion transfer, 6 phasetransfer catalysis, 7 ion-pair extraction, 8 chemical oscillation, 9 and molecular recognition. [10] [11] [12][13] Among them, our particular interest here focuses on hydrogen bond-mediated complexations at the L-L interface for specific analyte recognition.
Introduction
Due to the large differences in physical properties compared to bulk solutions, 1,2 studies on chemistry at the liquid-liquid (L-L) interface are of growing interest. Unique reactions of molecules (adsorbed) at the L-L interface have been reported in various systems, including photoinduced electron transfer reactions, 3 organic synthesis, 4 electron transfer, 5 ion transfer, 6 phasetransfer catalysis, 7 ion-pair extraction, 8 chemical oscillation, 9 and molecular recognition. [10] [11] [12] [13] Among them, our particular interest here focuses on hydrogen bond-mediated complexations at the L-L interface for specific analyte recognition. [11] [12] [13] We have recently studied electrochemical anion transfer across the L-L interface as facilitated by abiotic hydrogenbonding ionophores.
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The ionophore-assisted anion transfer process was successfully analyzed for the first time, 12a indicating that, in spite of significant interference from anion hydration, complementary hydrogen bonding at phase boundaries is indeed effective for analyte recognition; in the bulk organic phase, the binding behavior of this type of ionophore is quite sensitive to environmental changes, and the trace presence of water does cause serious interference in the binding events. 14 Another interesting feature of hydrogen bondforming ionophores we found is that, at the L-L interface, they are able to selectively recognize H2PO4 -over hydrophobic anions such as Cl -, Br -, ClO4 -and CH3COO -in the aqueous phase, and this is accompanied by the interfacial adsorption of the complex. 13 Such complexation-induced interfacial adsorption behaviors of ionophores are expected to offer a novel approach to the sensing of very hydrophilic anions, which are difficult to detect by conventional ionophore-based chemical sensors. 15 These studies therefore suggest that the solvating environment at the interface is suitable for the appearance of unique functions of hydrogen bond-forming ionophores, and the examination of their interfacial binding behaviors would provide a potential basis for the development of ionophorebased chemical sensors.
In this report, we investigate facilitated SO4 2-transfers by hydrogen bond-forming ionophores across the nitrobenzene (NB)-water interface by using polarography with a dropping electrolyte electrode. From the examination of three kinds of ionophores that have thiourea groups 16 as hydrogen bond forming sites (Fig. 1) , bis-thiourea 1, α,α′-bis(N′-pnitrophenylthioureylene)-m-xylene, is found to strongly facilitate the SO4 2-transfer. Interestingly, the SO4 2-transfer assisted by 1 is indeed based on the formation of a 1:2 complex between SO4 2-and ionophore even under the condition of [SO4 H NMR binding studies reveal the predominant formation of a 1:1 complex with SO4 2-in the bulk NB phase. The facilitated transfer of SO4 2-with bis-thiourea 1 is also compared to that of HPO4 2-and H2PO4 -across the NB-water interface, which was previously shown to be assisted by the same ionophore through the formation of the 1:1 and 2:1 (anion to ionophore) complexes, respectively. Unique interfacial binding behaviors of bis-thiourea 1 are demonstrated on the basis of these examinations.
Experimental

Materials
The synthesis of ionophores 1 and 2 was described previously. 12d,17 Ionophore 3 was synthesized according to the literature. 16 Analytical grade nitrobenzene (NB) was obtained from Kanto Chemical Co., Inc. (Tokyo, Japan) and purified by passing through a column of basic alumina before use. NB-d5 from Acros Organics (99%, Geel, Belgium) and dimethyl sulfoxide-d6 (DMSO-d6) from E. Merck (> 99.5%, Darmstadt, Germany) were dried over molecular sieves (3 Å) . For 1 H NMR binding studies, tetrabutylammonium (TBA) salts of HPO4 2-or SO4 2-were prepared by mixing an equimolar methanol solution of TBA hydroxide (Aldrich Chemical Co., Milwaukee, WI) and TBA dihydrogenphosphate (Aldrich) or TBA hydrogensulfate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), followed by the freeze-drying of the mixed methanol solutions. For the electrochemical experiments, anions of the highest grade commercially available were acquired as sodium salts. Tetraheptylammonium tetraphenylborate (THepATPB) was prepared as described previously. 18 Water was distilled with an Autostill WX710 (Yamato Scientific Co. Ltd., Tokyo, Japan) and subsequently deionized (≥ 18.0 MΩ cm specific resistance) by a Milli-Q Labo system (Millipore Corp., Bedford, MA). The other reagents were commercially available analytical grade and were used without further purification.
Binding studies by 1 H NMR spectroscopy 1 H NMR spectra were obtained on a JEOL GSX-270 spectrometer (270 MHz; JEOL Datum, Tokyo, Japan) or a JEOL α-500 spectrometer (500 MHz; JEOL Datum). All chemical shift values (δ) were reported in parts per million (ppm), using the residual solvent signal of 7.67, 7 .50) as a reference. A series of NB-d5 solutions which contain target anions (HPO4 2-or SO4 2-, as a TBA + salt) and ionophore 1 was prepared. The concentration of 1 was fixed as 1.0 mM, and the concentration of anions ranged from 0 to 3.0 mM. The chemical shifts of selected hydrogens of the ionophore were plotted as a function of the anion concentration.
Electrochemical measurements
As reported in our previous works, 12,18 the ion transfer polarograms were recorded by potential-scan polarography using an electrolyte solution dropping electrode. 19, 20 The following electrochemical cell was used to study the transfer of anions across the NB-water interface.
Ag/AgCl/0.5 M LiCl/0.05 M NaTPB + 0.5 M LiCl/(org.) 0.5 mM ionophore + 0.05 M THepATPB/(aq.) 0.1 to 1.25 M anions/0.5 M LiCl/AgCl/Ag The aqueous solutions of anions were prepared as Na + salts, and were sent upward into the NB phase as a series of droplets from a PTFE capillary (0.7 mm i.d.) at a flow rate ranging from 10 to 27.5 mL h -1 . The potential difference between the aqueous and NB phases, ∆φ (= φw -φNB), was controlled at a scan rate of 2.5 mV s -1 by a conventional four-electrode potentiostat (Model HA-501 G, Hokuto Denko Co. Ltd., Tokyo, Japan) and was expressed by
where E (mV) is the potential difference between two reference electrodes and ∆φref (mV) is the sum of all potential differences involved in the cell. The ohmic potential drop of the cell was compensated by using an i-R compensation instrument Hokuto Denko) . The values of the potentials (∆φ) were standardized by measuring the half-wave potential ∆φ1/2 of ClO4 -(used as Na + salt, ∆φ˚C lO4 : -0.091 V) 21 as a reference ion with the same reference electrode system. Negative current flows when anions are transferred from the aqueous phase to the organic phase. All experiments were carried out at 298 ± 0.5 K.
Molecular modeling simulations
The energy minimizations of a 2:1 complex between bisthiourea 1 and SO4 2-were done using MacroModel ver. 8.0 with OPLS-AA* force field after selecting the initial structure of the complex from the Pure LowMode conformation search. Figure 2a shows ion transfer polarograms for SO4 2-across the NB-water interface as facilitated by bis-thiourea 1 under the condition that the SO4 2-concentration in the aqueous phase (5.0 × 10 -1 M) is much higher than that of bis-thiourea 1 in the organic phase (5.0 × 10 -4 M). For comparison, the effect of mono-thiourea 2 on the SO4 2-transfer is also shown (Fig. 2b) . In the absence of these ionophores in the NB phase, negative current flows below ca. -400 mV (Fig. 2c ). This flow is due to the non-assisted SO4 2-transfer from the aqueous phase to the NB phase.
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Results and Discussion
Facilitated SO4 2-transfer across the NB-water interface
Comparison to this background wave shows only a slight change for mono-thiourea 2 (Fig. 2b) , indicating 2 has little ability to facilitate SO4 2-transfer. On the other hand, bisthiourea 1 does have a drastic effect on the SO4 2-transfer. As is shown in Fig. 2a , a negative current is observed below -100 mV, and a well-defined wave appears for a wide range of potentials over 200 mV. Obviously, bis-thiourea 1 binds to SO4 2-at the interface through the formation of hydrogen bonds, by which significant stabilization is achieved for the transfer of this very hydrophilic anion. Since mono-thiourea 2 cannot easily facilitate the SO4 2-transfer, it is most likely that multiple hydrogen bonds are involved in the SO4 2-binding by bisthiourea 1.
When the SO4 2-transfer is assisted by the formation of the complex with the stoichiometry 1:n (SO4 2-to ionophore), and is controlled by diffusion of ionophore from the bulk NB phase to the interface, the polarographic wave is given by the following equations: 19
where il (µA) is the limiting electrical current, ν 1/2 (mg s -1 ) is the flow rate of the aqueous solution, ∆φ1/2 (mV) is the reversible half-wave potential, z (> 0) is the charge number of SO4 2-, and i (µA) is the electrical current. In accordance with Eq. (2), the limiting current il is proportional to ν 1/2 (Fig. 3A) , indicating that the transfer process of SO4 2-is reversible and diffusioncontrolled by bis-thiourea 1 in the NB phase. As for the binding stoichiometry, the analysis based on Eq. (3) indicates the SO4 2-transfer is assisted by the formation of 1:2 (SO4 2-to ionophore) complex. As is shown in Fig. 3B , there is a linear relationship between ∆φ and log{i/(il -i) 2 } with a slope of -30.0 mV, whereas the plot of ∆φ vs. log{i/(il -i)} has a slope of -42.7 mV (not shown). The formation of the 1:2 complex is also seen, even for higher concentrations of SO4 2-in the aqueous phase. Again, a well-defined wave is observed for 1.25 M SO4 2-solution, and plotting of ∆φ against log{i/(il -i) 2 } gives a straight line with a slope of -28.0 mV (not shown). From these observations, we ascribe the SO4 2-transfer facilitated with bisthiourea 1 to the transfer of divalent anionic species through the 1:2 complex formed between SO4 2-and ionophore. Comparison of the limiting diffusion current (il) of the facilitated SO4
2-transfer with that of monovalent anion transfers also supports the formation of the 1:2 complex. In our previous work, 12d the Cl -transfer across the NB-water interface was found to be stabilized by a 1:1 binding with bis-thiourea 1, where a well-defined wave was observed at a potential of ca. 200 mV, which was more positive than the final rise. The limiting current was verified to be diffusion-controlled with respect to the ionophore, and the observed il of the Cl -transfer was -12 µA under the same conditions as examined in this work ([1]org: 5.0 × 10 -4 M; [Cl -]aq = 5.0 × 10 -1 M; flow rate of the aqueous solution: 25 mL h -1 ). This value is indeed equal to the limiting current of the SO4 2-transfer as observed here (-12 µA, cf. Figs. 2 and 7) , which is almost independent of the concentration of SO4 2-in the aqueous phase (1.0 × 10 -1 M to 1.25 M) within the experimental errors. This indicates that two ionophore molecules are involved in the SO4 2-binding since the limiting current, i.e., the transfer of SO4 2-across the interface, is controlled by the mass transport of ionophores under the examined conditions. For the reversible transfer of divalent anions based on the 1:1 complexation, the limiting current should be twice as large as that of the facilitated transfer of monovalent anions through the 1:1 complexation.
The SO4 2-transfer facilitated by bis-thiourea 1 was further analyzed on the basis of the reversible half-wave potentials. While theoretical treatments have been extensively developed for the analyses of facilitated ion transfers that involve 1:n complex formation, 23 we here follow the relatively simple treatment by Samec and Papoff 19c, 19e because of its applicability to our experimental method and conditions. According to their approach, the following equation is applicable to the reversible half-wave potential for the facilitated transfer based on the 1:2 complex formation:
where ∆φ˚′ (mV) is the ion transfer formal potential for SO4 2-and β12 (= K11K12/M -2 ) is the overall binding constant of the 1:2 complex between SO4 2-and ionophore in the NB phase. DH and DH2G are the diffusion coefficients of the free ionophore and the 1:2 complex, respectively, in the organic phase. As expected from Eq. (4), when the SO4 2-concentration is increased from 1.0 × 10 -1 M to 5.0 × 10 -1 M, the half-wave potential ∆φ1/2 for the SO4 2-transfer, evaluated from the intercept of the ∆φ vs. log{i/(il -i) 2 } plot (cf. Fig. 3B ), shifts in the positive direction from -181 mV to -162 mV, where a liner relationship holds between ∆φ1/2 and log[SO4 2-]aq which has a slope of 27.3 mV/decade (Fig. 4) . This result also supports the transfer of divalent anionic species, i.e., SO4 2-, which is indeed assisted by the complexation with bis-thiourea 1 at the phase boundary region.
It is somewhat surprising that bis-thiourea 1 forms a 1:2 complex with SO4 2-at the interface under the condition of diffusion control by ionophore. The concentration of SO4 2-(0.10 -1.25 M) in the aqueous phase is indeed higher by a factor of 200 -2500 than that of bis-thiourea 1 (5.0 × 10 -4 M) in the organic phase. We therefore examined the bulk binding behavior of bis-thiourea 1 with SO4 2-by 1 H NMR spectroscopy. Figure 5 shows the chemical shifts of three hydrogen atoms of bis-thiourea 1 (1.0 × 10 -3 M) in NB-d5 as observed in a titration with (TBA + )2SO4 2-. 24 Upon complexation with SO4 2-, a large downfield shift of up to 4 ppm is observed for the two NHc groups of the thiourea binding sites (cf. Fig. 1) . A smaller downfield shift of 0.8 ppm is also observed for the aromatic hydrogen adjacent to the thiourea group (Hd). For both Hb and Hd, the shape of the titration curves gives two inflections: the first one is seen at a ratio of around 0.5, and the second one is at a 1:1 ratio of SO4 2-to ionophore. As for the methylene hydrogens (Ha), an upfield shift is observed until an approximately 0.5 equivalent amount of SO4 2-is added, after which these hydrogens show a downfield shift until 1 equivalent amount of SO4 2-is added. These results are indicative of the formation of two kinds of complexes, i.e., the 1:2 complexation followed by the formation of the 1:1 complex. A possible binding structure for the 1:2 complex is shown in Fig. 6 . In this proposed structure of the ternary complex, SO4 2-is located at a pocket surrounded by two ionophores, which makes it possible to form eight hydrogen bonds in the SO4 2-binding. A similar binding mode was very recently suggested for the SO4 2-binding by a bis-isothiouronium receptor in methanol. 25 The 1 H NMR binding study therefore supports the formation of the 1:2 complex between SO4 2-and bis-thiourea 1 in the NB phase. It is however highly apparent that, in the bulk organic phase, bis-thiourea 1 prefers to form a 1:1 complex with SO4 2-under the condition of [SO4 should be considered, such as the presence of supporting electrolytes in electrochemical measurements, the exclusive formation of the 1:2 complex at the interface seems unusual and interesting when one considers the bulk binding behaviors at the millimolar level of bis-thiourea 1. We do not know the exact reason for this disparity in the SO4 2-binding with bis-thiourea 1, but similar complexation behaviors at the oil-water interface have been reported for facilitated transfers of K + , Cs + , Ca 2+ and Mg 2+ with crown ether derivatives. 26 In these reports, the formation of a 1:2 (metal:ligand) complex was actually observed even if the concentration of the metal ions in the aqueous phase was in excess compared to that of the ligand in the organic phase. In order to explain such cyclic voltammetric responses that involve the 1:2 complexation, Kakiuchi and Senda 23b used a finite difference method. They demonstrated that the voltammogram shape was determined mainly by the ratio of the reduced association constants: b1 = K1CL and b2 = K1K2 (CL) 2 where K1 and K2 are the association constants for the 1:1 and 1:2 complexes, respectively, in the organic phase, and CL is the bulk concentration of the free ligand in the organic phase. According to their treatment, the 1:2 complex could be a dominant current-carrying species when b2 is sufficiently large compared to b1. The present system of the SO4 2-transfer with bis-thiourea 1 may therefore be explained by considering such a dynamic equilibrium in the organic solution side of the interface; further quantitative examination is now underway in our laboratory.
It is also of interest to note that the exclusive formation of the 1:2 complex is not observed with structurally similar bisthiourea 3, in which p-nitrophenyl moietes of bis-thiourea 1 are simply replaced by phenyl units. Under the same conditions as those examined for bis-thiourea 1 ([ionophore]org = 5.0 × 10 -4 M; [SO4 2-]aq = 5.0 × 10 -1 M), a well-defined wave is clearly observed at the potential ca. 130 mV more positive than the final rise (not shown), from which bis-thiourea 3 is also found to facilitate the SO4 2-transfer across the NB-water interface. However, it is likely that the binding ability of bis-thiourea 3 is much weaker than that of bis-thiourea 1 since the wave of 1-SO4
2-transfer appears at around -100 mV, which is indeed more positive by ca. 300 mV than the final rise (cf. Fig. 2a ). In addition, the observed wave of 3-SO4 2-transfer consists of at least two components, which is probably due to the presence of multistep complex formation at the interfacial region. This result reveals the importance of hydrogen bonds in the SO4 2-binding event: due to the electron withdrawing effect of the pnitrophenyl groups, the acidity of the hydrogen bond-forming sites of bis-thiourea 1 is increased as compared to that of bisthiourea 3. This effect is clearly seen in the comparison of NH resonances in DMSO-d6, where the NH chemical shifts of bisthiourea 1 (δ 10. 22, 8.68 ) are larger than those of bis-thiourea 3 (δ 9.67, 8.21) . Such a tuning in the strength of hydrogen bonds is indeed responsible for the exclusive formation of the 1:2 complex at the interface, which makes it possible to significantly stabilize the transfer of very hydrophilic SO4 2-anions from the aqueous phase to the NB phase.
Comparison with facilitated transfers of HPO4 2-/H2PO4 -by bisthiourea 1
We have recently reported that bis-thiourea 1 can significantly facilitate the transfers of HPO4 2-and H2PO4 -across the NB-water interface; 12d this was found by ion-transfer polarography, as also used in the present work. Ion transfer polarograms of these anions are shown in Fig. 7 , together with that of SO4 2-. Interestingly, in contrast to the facilitated SO4 2-transfer based on the 1:2 (SO4 2-to ionophore) complexation, the transfers of HPO4 2-and H2PO4 -are assisted by the formation of the 1:1 and 2:1 (anion to ionophore) complexes, respectively. While the fact that the 2:1 complexation is able to facilitate the H2PO4 -transfer across the interface is attractive for the further design of ionophores for this hydrophilic anion, of particular interest here is the difference in the binding stoichiometry between SO4
2-and HPO4 2-, because such a difference is not observed in the bulk NB phase.
As is shown in Fig. 8 , the titration with (TBA + )2HPO4 2-gives changes in chemical shifts similar to those for the SO4 2-binding by bis-thiourea 1. 24 Again, for the aromatic hydrogens (Hd), the shape of the titration curves has two inflections, at around 0.5:1 and 1:1 ratios of HPO4 2-to ionophore. In addition, the methylene hydrogens (Ha) show an upfield shift until an approximately 0.5 equivalent amount of HPO4 2-is added, after which these hydrogens show a downfield shift until 1 equivalent amount of HPO4 2-is added. These results are clear evidence for the 1:2 complexation followed by the formation of the 1:1 complex, and no significant difference in the binding modes is observed between SO4 2-and HPO4 2-in the bulk NB phase. On the other hand, electrochemical measurements reveal that bis- thiourea 1 leads to a clear difference in the binding modes for SO4 2-and HPO4 2-at the phase boundary region. In addition to such a difference in the binding stoichiometry, the facilitated transfer of HPO4 2-and H2PO4 -does not seem to be a simple one-step reaction at the NB-water interface. The observed limiting currents (Fig. 7) of the HPO4 2-and H2PO4 -transfers are -11 µA and -12 µA, respectively, both of which are comparable to that of the SO4 2-transfer (-12 µA). This result contradicts the proposed binding stoichiometry of the complexes with these three anions. As discussed in the comparison with the Cl -transfer based on the 1:1 complexation, the limiting currents of HPO4 2-/H2PO4 -transfers should be twice as large as that of the facilitated transfer of SO4 2-through the 1:2 complexation. A possible explanation may be that, in the facilitated transfers of HPO4 2-/H2PO4 -with bis-thiourea 1, the second complexation takes place on the organic solution side of the interface, which limits the total transfer of these anions across the interface under the condition of diffusion control by ionophore, e.g., in the case of HPO4 2-:
followed by
where A 2-is HPO4 2-, and L is a free ionophore, and aq and org in parentheses denote the aqueous and the organic phases, respectively. The former complexation is responsible for the current-carrying species across the interface, but the total transfer of HPO4 2-may be finally limited by the latter complex formation. These differences in the behavior of facilitated transfers between SO4 2-and HPO4 2-(H2PO4 -) may originate from subtle differences in the properties of these two kinds of anions as hydrogen bond acceptors. A survey 27 of the Cambridge Crystallographic Database has shown that the geometry of sulfonyl hydrogen bond donor interactions differs significantly from that of phosphonyl groups, the average S=O·H and P=O·H angles being 127.9˚ ± 12.9˚ and 118.9˚ ± 10.9˚, respectively. The distribution of the former interactions is more densely clustered with a preference for the eclipsed geometry, while the latter interactions (phosphonyl-hydrogen bond donor interactions) are scattered and prefer the gauche stereochemistry.
Therefore, as compared to the bulk complexation of higher host-guest stoichiometries, such subtle differences in the geometry of hydrogen bonding interactions may play a more important role at the interface, where the orientation of ionophores available for the binding events seems to be significantly restricted, because bis-thiourea 1 and target anions are soluble only in the NB phase and the aqueous phase, respectively.
In summary, we have demonstrated that bis-thiourea 1 was able to significantly stabilize the SO4 2-transfer across the NB-water interface. Interestingly, in contrast to the preferential formation of the 1:1 complex with SO4 2-in the bulk NB phase, the SO4 2-transfer assisted by 1 was indeed based on the formation of the 1:2 complex between SO4 2-and ionophore, even under the condition of [SO4 2-]aq » [1]org. Also we noted that bis-thiourea 1 showed a clear difference in the binding stoichiometry between SO4 2-and HPO4 2-at the interface: such a difference in the binding mode was not observed in the bulk NB phase. It seemed likely that the solvating environment at the interface is responsible for these unique binding behaviors, and that subtle differences in the properties of hydrogen bonding interactions sensitively regulate the interfacial binding phenomena. Further investigation is in progress to quantitatively understand the hydrogen bond-mediated complexation reactions at the phase boundary region. From such studies, a potential basis for the development of anion-selective chemical sensors using hydrogen bonding ionophores would be provided.
